Human babesiosis is an emerging tick-borne disease caused by apicomplexan parasites of the genus Babesia. Clinical cases caused by Babesia duncani have been associated with high parasite burden, severe pathology, and death. In both mice and hamsters, the parasite causes uncontrolled fulminant infections, which ultimately lead to death. Resolving these infections requires knowledge of B. duncani biology, virulence, and susceptibility to anti-infectives, but little is known and further research is hindered by a lack of relevant model systems. Here, we report the first continuous in vitro culture of B. duncani in human red blood cells. We show that during its asexual cycle within human erythrocytes, B. duncani develops and divides to form four daughter parasites with parasitemia doubling every ϳ22 h. Using this in vitro culture assay, we found that B. duncani has low susceptibility to the four drugs recommended for treatment of human babesiosis, atovaquone, azithromycin, clindamycin, and quinine, with IC 50 values ranging between 500 nM and 20 M. These data suggest that current practices are of limited effect in treating the disease. We anticipate this new disease model will set the stage for a better understanding of the biology of this parasite and will help guide better therapeutic strategies to treat B. duncani-associated babesiosis.
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Human babesiosis is an emerging disease caused by apicomplexan Babesia parasites that are closely related to Plasmodium and Theileria species, the agents of malaria and theileriosis, respectively. Babesia microti, Babesia duncani, and Babesia divergens are responsible for most cases of babesiosis worldwide (1) . Whereas B. microti is endemic in the Northeastern and Midwestern regions of the United States, and has further been reported worldwide, all confirmed cases of B. duncani have been found primarily in the Western United States (2, 3) . A recent report based on available serological and/or molecular tests has suggested that B. duncani is also widespread in Canada (2, 3) . On the other hand, cases of babesiosis in humans caused by B. divergens have so far been primarily reported in Europe, with some B. divergens-like cases reported in Japan and the United States (4, 5) . Clinical symptoms in patients infected with these parasites are primarily the result of infection of the host red blood cells and can range from mild to severe. Mild to moderate symptoms include fever, fatigue, chills, sweats, anorexia, headache, myalgia, nausea, cough, and arthralgia, whereas in cases of severe babesiosis, complications include respiratory distress syndrome, pulmonary edema, congestive heart failure, renal failure, coma, and splenic rupture (6, 7) . Patients with a weakened immune system or splenectomized patients are at greater risk of developing these symptoms and have a higher fatality rate (7) . Although most cases of human babesiosis are caused by a tick bite, transfusion-transmitted babesiosis remains a major contributor to the increasing number of reported cases of the disease (8, 9) . In the absence of a vaccine to prevent human babesiosis, drug combinations consisting primarily of antimalarials and antibiotics are the main arsenal used to treat infections (10, 11) . However, drug failure is common, and some of the drugs are associated with major adverse events. In cases of drug failure, parasitemia can reach high levels, requiring exchange transfusion.
The first clinical cases of human babesiosis caused by B. duncani were reported in Washington State and California in 1991 and 1991-1993, respectively (12, 13) . The majority of these cases were transmitted by an arthropod vector, whereas three cases were due to blood transfusion (14 -16) . B. duncani clinical isolates injected into hamsters and mice were found to cause a course of disease different from that caused by B. microti. Whereas B. microti infections in immunocompetent hosts start with an initial phase of high parasitemia, anemia, and splenomegaly and end with a decline in parasitemia and recovery (17, 18) , infections with B. duncani result in a rapid increase in par- cro ACCELERATED COMMUNICATION asitemia, severe pathology, and no subsequent decrease in parasite burden. In experimental animal models, mortality rates associated with B. duncani vary, depending on mouse genotypes, with Ͼ95% mortality rates reported in C3H, A/J, AKR/N, and DBA/1J mice; 40 -50% mortality in BALB/cJ, CBAJ and 129/J mice; and Ͻ10% mortality in C57BL/6 and C57BL/10 mice (19, 20) . In Golden Syrian hamsters, B. duncani causes acute disease and death within 10 days of inoculation (21) . Recent studies have identified Dermacentor albipictus as the main vector of B. duncani transmission, with the mule deer being the main mammalian host (22) . The one-host life cycle of D. albipictus may account for the low incidence of B. duncaniassociated babesiosis cases reported so far. However, the changing environmental factors that affect the habitat of the tick and its reservoir enhance the risk for increased transmission of this parasite to humans.
An important step toward a better understanding of the basic biological processes that control the development of Babesia parasites that infect humans is to develop a continuous in vitro culture system in human red blood cells. Whereas this has been successfully achieved in the case of B. divergens (23) , a continuous in vitro culture system of B. microti or B. duncani in human red blood has not been developed to date. This constitutes an obstacle to the study of host-parasite interactions and the standardization of drug screening assays in vitro. Previous attempts to culture B. duncani in hamster red blood cells have been successful (21) . However, such work requires permanent husbandry of hamsters and periodic collections of blood, causing unnecessary distress to the animals. Therapy of B. duncani infections has consisted of a combination of quinine and clindamycin or a drug mixture composed of both (6, 12, 15) . However, to date, none of these drugs have been directly evaluated for their efficacy against B. duncani in vitro or in animal models.
Here, we report the first continuous in vitro culture of B. duncani in human red blood cells and assays to monitor parasitemia over time for the evaluation of parasite susceptibility to drugs recommended for the treatment of human babesiosis. Using these assays, we found that the parasite undergoes rapid development within human red blood cells, doubling its parasitemia every ϳ22 h. Furthermore, we found that B. duncani has low susceptibility to atovaquone, clindamycin, azithromycin, and quinine.
Results

In vitro culture of B. duncani WA1 in human RBCs
B. duncani was first cultured in hamster RBCs 3 using freshly isolated RBCs from an infected hamster and incubation of the infected cells with uninfected hamster RBCs at 37°C at 10% hematocrit and 2% parasitemia in hamster RBC growth medium (HaRGM). Under these conditions, the parasitemia 
ACCELERATED COMMUNICATION: In vitro culture of B. duncani
reached ϳ4% by day 1, ϳ8% by day 2, and ϳ16% by day 3 post-inoculation (Fig. 1A) . Morphological analysis of infected hamster RBCs identified singly and multiply infected cells with ring form parasites as well as tetrads with four daughter parasites attached to each other at one end (Fig. 1B) . To evaluate infection of human RBCs by B. duncani, a culture of the parasite in hamster RBCs at 5% parasitemia was split 1:2 into wells of a 24-well plate in the presence of human RBCs and human RBC growth medium (HuRGM). These mixed hamster/human RBC subcultures were first incubated for 2 days with daily replacements of HaRGM and the addition of fresh human RBCs at 5% hematocrit. 24 h post-inoculation, the parasitemia reached 9%, and both infected hamster and human RBCs could be detected (Fig. 1C ). The mixed culture was then subcultured to 1% parasitemia into new wells with fresh human RBCs added to reach 5% hematocrit. Following incubation at 37°C for an additional 3 days, the parasitemia increased overtime to reach 14% by day 4. Continuous growth in human RBCs was maintained in vitro in both 24-well plates and 25-cm 2 tissue culture flasks with subcultures made every 3-4 days when the parasitemia reached 10 -15%. The infectivity of B. duncani-infected human RBCs was demonstrated following infection of hamsters. The parasite caused fatal disease after 2 weeks of inoculation with parasitemia of 7-10% (not shown).
To confirm the infection of human RBCs by B. duncani, immunofluorescence analysis was conducted on samples from cultures of the parasite using an anti-Band3 mAb to detect the human erythrocyte anion exchanger (AE1, SLC4A1) followed by staining of the parasite DNA with 4Ј,6-diamidino-2-phenylindole (DAPI). As shown in Fig. 2A, Band3 ϩ , DAPI ϩ cells could be detected by confocal microscopy, indicating that indeed the infected cells are human RBCs. We have also conducted scanning EM (SEM) on in vitro cultured parasites to assess possible ultrastructural alterations of the host cells caused by the parasite. Whereas SEM identified infected RBCs by their distinctive protrusions and deformations (Fig. 2B) , no significant differences in the size of the RBCs could be detected between uninfected and B. duncani-infected RBCs (Fig. 2C) .
B. duncani multiplication rate in human RBCs
To determine the multiplication rate of B. duncani during its asexual development in human red blood cells, a culture of the parasite was initiated at 1% parasitemia in O ϩ type human RBCs at 5% hematocrit. The parasitemia was determined daily by light microscopy following Giemsa staining and a SYBR Green I-based fluorescence assay. As shown in Fig. 3A , B. duncani parasitemia increased to 10% by day 4. Under these culture conditions, the parasite develops asynchronously. Based on the morphology of the parasites, several stages indistinguishable from those observed in vivo can be identified. Ring form parasites ranged in size from 0.5 to 1 m (early rings) and from 2 to 4 m (mature rings) (Fig. 3B) . The parasite then divides twice to produce "Maltese Cross" tetrads (21) . These are often seen as four daughter parasites (merozoites) connected at one end by a filamentous structure (Fig. 3B) . It is also common to see free individual or connected merozoites in the blood smears. Monitoring of parasite counts by light microscopy (Fig. 3C ) and the SYBR Green I assay (Fig. 3D) showed that B. duncani parasitemia doubles every ϳ22 h. With daily medium change, parasitemia levels above 20% can be reached in culture. However, after diluting cultures, we found that those initiated from cultures with parasitemia levels below 8% started their growth at a normal rate, whereas those initiated from a culture with higher parasitemia level showed a slow initial growth rate before parasitemia started doubling every ϳ22 h.
In vitro efficacy of currently recommended anti-babesiosis drugs against B. duncani
The development of the SYBR Green I assay as a tool to monitor B. duncani development within human RBCs made it possible to test the sensitivity of the parasite to the currently recommended anti-babesiosis drugs: atovaquone, azithromycin, clindamycin, and quinine. Dose-response assays identified the IC 50 values of the compounds to be ϳ500 nM for atovaquone, ϳ5 M for azithromycin, ϳ12 M for quinine, and ϳ20 M for clindamycin (Fig. 4) .
Discussion
Although the first reported case of human babesiosis caused by B. duncani was described in 1991 (13) , the vector that transmits this parasite and the reservoir host have only recently been discovered (22) . Furthermore, our understanding of the biological processes that control its pathophysiology and virulence With this major development, we foresee major advances in our understanding of the biology, pathogenesis, and therapy of this parasite. All parasite forms (early and mature rings as well as tetrads) found in patient blood (13, 24) are also detected in cell culture. Our attempts to synchronize the parasite using sorbitol, a commonly used method for synchronizing Plasmodium falciparum cultures (25), did not result in synchronization of the blood stage development of the parasite (not shown). Scanning EM images of B. duncani-infected human erythrocytes show multiple protrusions. These results are consistent with previous studies of erythrocytes infected with the parasite collected from infected hamsters (26). We have successfully maintained a continuous culture of B. duncani in human O ϩ blood type for several months. These cultures can be stored as frozen stocks, which have been successfully used to initiate new cultures. The ease of handling and efficiency of this proposed method of culturing B. duncani allow for long-term studies and investigations that were previously not possible.
Whereas the IC 50 values of atovaquone, azithromycin, clindamycin, and quinine in Plasmodium falciparum are in the low nanomolar range (27, 28) , our study using the continuous in vitro culture of B. duncani in human RBCs showed that these drugs act with estimated IC 50 values of 0.5, 5, 20, and 12 M, respectively. These findings are also consistent with studies in B. microti using a short-term in vitro culture assay, where an effect with atovaquone was seen only at 1 and 10 M, whereas azithromycin, clindamycin, and quinine had no effect on parasite development at these concentrations (11) . Furthermore, studies of B. microti in mice showed that unlike atovaquone, which showed activity at a dose as low as 10 mg/kg, azithromycin and clindamycin at a dose as high as 50 mg/kg and quinine at a dose as high as 100 mg/kg had no effect on parasite development in vivo (11) .
Unlike B. duncani, the bovine Babesia parasites B. bovis and B. divergens have been shown to be highly susceptible to atovaquone with IC 50 values between 12 and 32 nM (29) . It remains unknown whether the low susceptibility of B. duncani to atovaquone and other anti-babesiosis drugs is due to the molecular nature of their respective targets or to a general detoxification process unique to this parasite.
In conclusion, this novel in vitro culture sets the stage for advanced studies to elucidate the molecular mechanisms that control B. duncani metabolism, development, differentiation, transmission, and interaction with its host. The ease of harvesting B. duncani in vitro also facilitates the discovery of more effective therapies and the development of specific and sensitive diagnostic assays for early detection of active infection. Such assays could be used in epidemiological surveys to deter- 
Materials and methods
Parasite strain
B. duncani WA1 was originally isolated from the blood of the first reported case of babesiosis acquired in Washington State (13) 
Preparation of RBCs before culture
Hamster blood was collected from Golden Syrian hamsters (Harlan Laboratories, stock: HsdHan:AURA) by the peri-orbital route using heparin as anticoagulant according to protocols approved by the ATCC institutional animal care and use committee (IACUC). Type O ϩ human blood was obtained from Interstate Blood Bank, Inc. (Memphis TN). Blood was washed three times by centrifugation at 1800 rpm for 15 min at 4°C in PBS, 15 mM EDTA solution. The plasma and buffy layer from the top of the RBC pellet were removed after each wash. After the last wash, RBCs were resuspended at a concentration of 50% hematocrit in Puck's saline glucose buffer with extra glucose (PSGϩG; see supporting Materials and methods). RBCs were stored at 4°C in PSGϩG for up to 2 weeks before use.
Culture of B. duncani WA1 in vitro in hamster RBCs
A cryostock of B. duncani WA1 that had been passaged four times in vitro in hamster RBCs was thawed in a 37°C water bath. A 0.5-ml aliquot of the blood was transferred to a 50-ml conical centrifuge tube, and 0.1 ml of a 12% (w/v) NaCl solution was added slowly in a dropwise fashion. Following a 5-min incubation at room temperature, 6 ml of 1.6% NaCl were added to the blood suspension in a dropwise fashion with gentle shak- D) at concentrations up to 100 M. Parasitemia was determined by the SYBR Green I assay at 60 h after the addition of the drugs. Wells with untreated infected erythrocytes and 0.1% DMSO vehicle were set as 100% growth, and wells with compounds at 100 M in 0.1% DMSO were set as 0% growth. Each experiment was performed in triplicate, and data presented represent one of two biological replicates. GraphPad Prism (version 7.0a) was used to generate sigmoidal dose-response curves by fitting a nonlinear regression curve to the data. Each data point represents mean value measured in triplicates with error bars indicating S.D.
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ing. This was followed by the addition of 6 ml of HaRGM and centrifugation of the sample at 400 ϫ g for 5 min at room temperature. The supernatant was removed carefully, and the RBC pellet was resuspended in 10 ml of HaRGM. The sample was centrifuged at 400 ϫ g for 5 min, resuspended in 0.5 ml of warm (37°C) HaRGM, and divided equally into two wells of a 24-well culture plate. Each well received 0.9 ml of HaRGM and 0.1 ml of fresh hamster donor RBCs in PSGϩG. The plate was incubated at 37°C under 2% O 2 , 5% CO 2 , 93% N 2 atmosphere with 95% humidity using a modulator-incubator chamber (BillupsRothenberg, Inc., catalog no. MIC-101). The culture was maintained for 16 days with replacements of HaRGM on a daily basis. 1-2-l aliquots of blood were removed from the culture wells during each change of medium for microscopic examination of Giemsa-stained blood smears. Fresh hamster RBCs were added to the culture wells at a final hematocrit of 5% whenever the parasitemia reached a minimum of 1%.
Culture of B. duncani WA1 in human RBCs
HaRGM was removed from one well of the 16-day hamster RBC culture above that had reached 5% parasitemia. Hamster RBCs at the bottom of the well were split 1:2 into two wells of a 24-well plate. Each well received 0.9 ml of HuRGM and 0.1 ml of human donor RBCs in PSGϩG. The plate was incubated at 37°C under 2% O 2 , 5% CO 2 , 93% N 2 atmosphere with 95% humidity using a modulator-incubator chamber. The culture was maintained for 2 days with daily replacements of HuRGM. Following the 2-day incubation, contents from one well were split 1:10 into 10 wells of a 24-well plate with 0.9 ml of HuRGM per well. Contents from the other well were transferred to a 25-cm 2 tissue culture flask with 10 ml of HuRGM. The cultures were maintained for 3 days at 37°C under 2% O 2 , 5% CO 2 , 93% N 2 with 95% humidity using a modulator-incubator chamber. HuRGM was replaced on a daily basis, and fresh human RBCs were added at a hematocrit of 5%. Parasitemia was determined by examination of Giemsa-stained blood smears during each change of medium. Cultures were maintained for an additional 3 weeks with subcultures performed every 3-5 days into 25-cm 2 flasks. For cryopreservation purposes, cultures were further expanded to 75 cm 2 and frozen when parasitemia reached Ն10%. Cryostocks were prepared as described in the supporting Materials and methods and are available in BEI Resources (catalogue no. NR-50440).
Parasitemia determination
Parasitemia was determined in a minimum of 5000 RBCs/ slide at ϫ1,000 magnification following staining of thin blood smears with Giemsa (Thermo Fisher Scientific; fixative (catalog no. 122-929), Solution I (catalog no. 122-937), and Solution II (catalog no. 122-952)). Parasite growth was also determined by the SYBR Green I assay as follows. 30 l of culture was collected from each well of a 24-well plate and transferred into a Costar 96-well black plate and stored at Ϫ80°C in a freezer for 1 h. Samples were then thawed and mixed with 30 l of SYBR Green I lysis buffer consisting of 20 mM Tris, pH 7.4, 5 mM EDTA, 0.008% saponin, 0.08% Triton X-100, and 1ϫ SYBR Green I (Molecular Probes, 10,000ϫ solution in DMSO). The plate was incubated at room temperature in the dark for 1 h. Plates were then read on a BioTek SynergyMX fluorescence plate reader with an excitation of 497 nm and emission of 520 nm. Fluorescence readings were determined in triplicate wells.
Drug susceptibility assays
Experiments were performed to determine the susceptibility of B. duncani WA1 to increasing concentrations of atovaquone, azithromycin, clindamycin, and quinine. These assays were performed in triplicates in 96-well plates with a starting parasitemia of 1 and 5% hematocrit in 100 l of culture medium. Cultures were incubated at 37°C for 60 h in a chamber with a gas mixture of 2% O 2 , 5% CO 2 , and 93% N 2 . Cells were then collected and processed for Giemsa staining or SYBR Green I assay as described above. GraphPad Prism (version 7.0a) was used to generate sigmoidal dose-response curves by fitting a nonlinear regression curve to the data.
Indirect immunofluorescence assay
These assays were performed on coverslips following preparation of thin blood smears with 1-3 l of B. duncani-infected human RBCs from culture. Blood smears were fixed in 1% formaldehyde at 37°C for 30 min followed by three washes in PBS. Smears were then incubated for 30 min in a blocking buffer (5% fetal bovine serum, 5% normal goat serum, and 0.1% saponin) and rinsed once in wash buffer (0.5% fetal bovine serum, 0.5% normal goat serum, 0.05% saponin). The smears were incubated with mouse anti-Band3 (1:500) mAb (SigmaAldrich, catalog no. B9277) overnight at 4°C. The next day, slides were washed three times with wash buffer and incubated with the secondary antibody goat anti-mouse coupled to Alexa Fluor 488 (1:500) at 37°C for 1 h and rinsed three times in wash buffer. These coverslips were mounted using Prolong TM Gold Antifade Mountant with DAPI supplemented with DAPI (Invitrogen by Thermo Fisher Scientific) and further treated according to the manufacturer's instructions. Slides were visualized using a Leica TCS SP8 STED 3ϫ confocal microscope (see below).
Animal studies
B. duncani WA1 strain was maintained in Golden Syrian hamsters according to protocols approved by the ATCC and the Yale Institutional Animal Care and Use Committee (IACUC). Rules for ending experiments in hamsters were to be enacted if animals showed any signs of distress or appeared moribund. Parasitemia was determined using standard methods of blood collection by the periorbital route (hamsters) followed by microscopic examination of Giemsa-stained blood smears.
Scanning EM
Infected cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer for 30 min at the temperature they were cultured in and a further 30 min at 4°C. They were spun and rinsed in phosphate-buffered saline, and drops of sample were placed onto coverslips for 30 min and then rinsed in PBS. This was replaced with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 for a further 15 min at 4°C. Samples were rinsed and post-fixed in 2% osmium tetroxide in ACCELERATED COMMUNICATION: In vitro culture of B. duncani 0.1 M sodium cacodylate buffer, pH 7.4, rinsed in buffer, and dehydrated through an ethanol series to 100%. The samples were dried using a Leica 300 critical point dryer with liquid carbon dioxide as transitional fluid. The coverslips were glued to aluminum stubs and sputter-coated with 5-nm platinum using a Cressington 208HR (Ted Pella) rotary sputter coater. Digital images were acquired in an FEI ESEM between 5 and 15 kV at a working distance of 12 mm.
Imaging on the Leica TCS SP8 STED 3X
The confocal images in Fig. 4 were acquired with a Leica TCS SP8 STED 3X microscope (Leica Microsystems) using a Leica HC PL APO CS2 ϫ100/1.40 numerical aperture oil immersion objective. The pinhole was set to 1 arbitrary unit. Alexa 488 was excited at 488 nm, and the HyD3 detector (detection window, 510 -560 nm) was used for detection. DAPI was excited at 405 nm, and the HyD1 detector (detection window, 430 -470 nm) was used for detection. Differential interference contrast images were acquired to visualize parasite and infected erythrocyte. Images were acquired with a scan speed of 1,000 Hz with unidirectional exposure and 6ϫ line averaging in sequential scan mode. The image size was 51.67 ϫ 51.67 m (512 ϫ 512 pixels).
Image processing
Raw confocal and SEM images were analyzed and prepared for presentation using Fiji. To determine the area of the red blood cells in the SEM images, we used the "Oval" or "Freehand selections" of Fiji (version 1.0) to trace around the plasma membrane of the red blood cell. The Huygens Professional Software (Scientific Volume Imaging) was used to deconvolve the confocal images. Fiji was then used to crop the confocal images. The Gaussian Blur filter was further applied (radius ϭ 0.9) to smooth the images. 
